Abstract. High-precision stepped-heating experiments were performed to better characterize helium diffusion from apatite using Durango fluorapatite as a model system. At temperatures below 265øC, helium diffusion from this apatite is a simple, thermally activated process that is independent of the cumulative fraction of helium released and also of the heating schedule used. Across a factor of -4 in grain size, helium diffusivity scales with the inverse square of grain radius, implying that the physical grain is the diffusion domain. Measurements on crystallographically oriented thick sections indicate that helium diffusivity in Durango apatite is nearly isotropic. The best estimate of the activation energy for He diffusion from this apatite is E a = 33 _+ 0.5 kcal/mol, with log(D0) = 1.5 +_ 0.6 cm2/s. The implied He closure temperature for a grain of 100 •m radius is 68øC assuming a 10øC/Myr cooling rate; this figure varies by _5øC for grains ranging from 50 to 150 •m radius. When this apatite is heated to temperatures from 265 to 400øC, a progressive and irreversible change in He diffusion behavior occurs: Both the activation energy and frequency factor are reduced. This transition in behavior coincides closely with progressive annealing of radiation damage in Durango apatite, suggesting that defects and defect annealing play a role in the diffusivity of helium through apatite. ]. However, important questions remain regarding the behavior of He diffusion from apatite, justifying this detailed laboratory study. A precise and accurate knowledge of the diffusion behavior of a radiogenic daughter product is required to establish the temperature range over which a particular dating technique is sensitive. In the simplest case, the radiogenic daughter product would be lost by volume diffusion involving a single, thermally activated process for all of the daughter in the crystal. Under such conditions the temperature dependence of diffusivity is characterized by an activation energy (E,) and diffusivity at infinite temperature (Do): D/a 2 = Do/a 2 exp(-E,/RT), where R is the gas constant, T is the temperature, and a is the diffusion domain radius. Laboratory measurements of diffusivity over a range of temperatures will in this case yield a line on an Arrhenius plot with slope proportional to E, and y intercept of ln(Do/a2). From these two quantities a closure tem- 
Introduction
]. However, important questions remain regarding the behavior of He diffusion from apatite, justifying this detailed laboratory study. A precise and accurate knowledge of the diffusion behavior of a radiogenic daughter product is required to establish the temperature range over which a particular dating technique is sensitive. In the simplest case, the radiogenic daughter product would be lost by volume diffusion involving a single, thermally activated process for all of the daughter in the crystal. Under such conditions the temperature dependence of diffusivity is characterized by an activation energy (E,) and diffusivity at diffusion domain in apatite is smaller than the crystal itself. Taken together, these observations suggest a He closure temperature of -75øC for most apatites. There is no indication from existing data whether helium diffusion is isotropic, but diffusion of some other substances in apatite is strongly anisotropic [Farvet and Giletti, 1989] . This paper presents new high-precision He diffusion data on Durango apatite. This large gem-quality apatite provides an ideal model system for detailed characterization of He diffusion behavior. The experiments described here confirm most aspects of previous studies, such as the existence of strongly Arrehenian behavior below -300øC and an implied closure temperature near 75øC. However, several previous observations on Durango (and other) apatites are not. In particular, the new data indicate that the diffusion domain is the grain itself; thus contrary to previous work, the closure temperature varies with grain size. In addition, the data demonstrate that irreversible changes in He diffusion behavior occur when Durango apatite is heated above -265øC. These observations have important implications for the interpretation of He diffusion data and for apatite He ages. K. A. Farley (manuscript in preparation, 2000) describes results of similar high-precision diffusion experiments performed on more typical apatite samples.
Sample and Methods
A variety of experiments were performed on gem-quality crystals of fluorapatite from Cerro de Mercado, Durango, Mexico [Young et al., 1969] , obtained from the California Institute of Technology (Caltech) mineral collection. On the basis of >30 determinations at Caltech this specimen has a He age of 32.1 Ma, consistent with independent estimates of the age of associated volcanics [McDowell and Keizer, 1977] . As a consequence of its high radioelement content (-160 ppm Th; -9 ppm U) and moderate age, this apatite has a relatively high He content, 8.7 nmol/g. Experiments were performed both on grain fragments wet-sieved to various sizes and on thick sections (150-250/,m thick) cut either parallel or perpendicular to the c axis of the crystal. All aliquots of grain fragments were from a single large crystal from which a >50-/•m-thick surface layer was cut to eliminate the effects of • ejection [Farley et al., 1996] . The grain fragments tend to be angular and elongated shards, so sieving does not yield a tight grain size distribution.
The thick sections were all obtained from the interior of a second gem-quality crystal.
Stepped-heating experiments were performed on a few milligrams of apatite wrapped in copper foil and suspended from a thermocouple wire in a small vacuum chamber. This package was heated by radiation from a light bulb projected through a sapphire window. The thermal response characteristics of this apparatus and its use for He diffusion studies from titanite have been described elsewhere. This apparatus has the advantage that temperature is measured within just a few millimeters of the sample; given the high conductivity of the copper foil envelope, the thermocouple likely indicates the sample temperature fairly accurately. For most experiments a T-type thermocouple with special limits of error (supplied by Omega Engineering) was used because it gives the highest available precision for temperatures lower than 350øC. At higher temperatures a K-type thermocouple was used. Temperature was regulated by varying the power supplied to the bulb using a Watlow 945 proportional temperature controller. Estimated precision and accuracy of the temperature measurements is about +2øC (20-); this uncertainty figure is supported by reproducibility of diffusion experiments presented below. Compared to the previous apparatus used at Caltech [Wolf et al., 1996b ], the present device provides better temperature accuracy and far more rapid thermal response.
Helium was extracted from the apatites and accumulated in the chamber for periods ranging from 15 min to several weeks. The evolved helium was spiked with -0.5 pmol of 99.3% pure 3He and measured on a Balzers Prisma quadrupole mass spectrometer after cryogenic concentration and purification. The amount of spike delivered was repeatedly cross-calibrated against a pipette that delivers a known amount of 4He determined to high precision and accuracy with a capacitance manometer. On the basis of reproducibility of standards the precision of He determinations presented here is better than 1% down to a few times the blank level. Blanks were essentially invariant with both time and temperature in the diffusion cell and were typically <1 fmol. All plotted data have been blank corrected; in general, the blank corrections are small (<2%), but in rare cases, blank correction is a substantial fraction of the total gas in a step. When blank corrections for a given data point exceeded 35% the point was ignored for plotting and interpretation.
Experiments on single apatite aliquots involved a few to more than 100 individual steps. Temperature-cycling experiments were used extensively to investigate whether complex heating schedules would yield results distinct from those obtained previously using only monotonically increasing temperature steps. Integrated gas yields from the incremental outgassing experiments ranged from a few percent to nearly 100% of the total in the sample. In all cases the final step was fusion in a double-walled vacuum furnace to ensure complete He extraction. Diffusion coefficients were computed from fractional gas yield and holding time assuming spherical diffusion geometry [Fechtig and Kalbitzer, 1966] , except where noted otherwise. As discussed below, this assumption is not strictly correct, but assumption of a different geometry would not substantially affect the results or their interpretation.
Results
Results of the diffusion experiments are presented as Arrhenius plots in the figures and as calculated diffusion parameters in Table 1. (A full data table is available upon Wolf et al., 1996b] . In the first experiment the aliquot was heated monotonically from 120 to 300øC in 50 steps (see Figure  1 , bottom, for heating schedule). This schedule released 24% of the helium in the sample. In the second experiment, essentially the same temperature range was investigated, but temperatures initially decreased, then increased, then decreased and increased again. In early experiments it was found that anomalously high diffusivities are measured immediately following a rapid and large drop in temperature during cycled runs. This effect is documented more fully in section 3.3. For the experiments described in this section the temperature schedules involved only gradually decreasing temperatures (usually 10øC per step) to avoid this complication. The final yield from this aliquot was 42%. As shown in Figure 1 , the two heating schedules yield diffusivity arrays that are highly linear 
Crystallographically Oriented Thick Sections
To investigate whether diffusion from apatite is isotropic, several --•200-/am-thick apatite slabs were cut either perpendicular or parallel to the c axis. The slabs were typically square in section and had a length to width ratio of 10-20. Barring strong anisotropy in diffusivity, diffusion through slab faces should greatly exceed diffusion through the edges. Because the geometry in these experiments is well defined, diffusion data for these runs were computed assuming infinite slab geometry [Crank, 1975] . These experiments are presented in detail because they illustrate the substantial complexity that exists when measuring diffusivity from processed sections (rather than whole grains or grain fragments). Three sets of experiments were performed on slabs differing only in surface treatment: (1) "coarsely ground," for which slabs were cut and ground to the desired thickness with coarse (30 txm) alumina grit, (2) "highly polished," for which slabs were cut, ground, and polished following traditional thin-sectioning procedures involving a high-speed lap wheel; the final step was polishing with 0.1 txm grit, and (3) "resurfaced," for which to investigate possible artifacts induced by polishing, the outermost > 10 txm of each face of fresh aliquots of the "highly polished" slabs were removed by hand grinding with 3-/am grit. Arrhenius plots for these experiments are shown in Figure 4 . Both the c-parallel and c-perpendicular coarsely ground slabs exhibit initially shallow slopes which curve upward as the experiment proceeds. This is most apparent from a comparison of the initial steps obtained on the rising portion of the temperature schedule to later steps obtained at the same temperature on the downward portion. For example, for the c-perpendicular section the initial step at 220øC yielded a diffusivity 1.5 In units higher than the value obtained at this temperature after cycling to 280øC. The magnitude of the discrepancy for the c-parallel slab is similar. A possible explanation for these results is that the slabs are rough enough to cause high diffusivity from small surface domains. The influence of these domains is expected to decrease during the experiment as they become increasingly depleted of helium. If this is the correct explanation, diffusivity To test for an affect of surface roughness on He diffusion from the coarsely ground slabs, highly polished oriented slabs of slightly smaller thickness were prepared. As shown in Figure  4 , these slabs also show anomalous diffusivity, but now the diffusivity increases as the experiment proceeds. For example, the initial 220øC step yields a diffusion coefficient 1 In unit lower than a step at the same temperature after heating to 250øC and removal of --• 1% of the helium. Again the c-parallel slab displays a remarkably similar pattern. Furthermore, these diffusion arrays plot almost 3 In units lower than the coarsely ground slabs. Clearly, the degree of surface polishing and grinding has a profound effect on helium diffusion from apatite. Polishing apparently thermally or mechanically modifies the crystal in such a way as to reduce the helium yields in the initial steps relative to those at the same temperature in later steps. The simplest explanation for these results is that the outermost few /xm of the slab have lost helium. Fechtig and Kalbitzer [1966] discuss the consequences of such rounded concentration profiles on noble gas diffusion measurements.
The final set of slab experiments involved removal of the outermost -¾10/xm from the surfaces of virgin aliquots of the polished sections. These "resurfaced" slabs were polished very slowly by hand to minimize thermal and mechanical damage. In addition, initial steps were isothermal to verify that a stable diffusivity was obtained before cycling the temperature. This precaution ensures that the initial surface effects have been removed and that the final Arrhenius array represents diffusion through the slab itself. The c-perpendicular slab yields initially decreasing diffusivities at 220øC that eventually stabilize to better than 0.007 In units after ---2% gas yield. The c-parallel slab behaved similarly: after 2.1% of the gas was released at 230øC, diffusivity stabilized to better than 0.001 In units. In both cases, highly linear Arrhenius plots were obtained from temperature cycling after the isothermal period. In the first experiment the sample was repeatedly cycled from low to high temperature and back, with successively higher maximum temperatures with each cycle (Figure 5 ). The data are logically divided into three segments based on the observed diffusivity and characterized by the maximum temperature experienced by the sample before the segment was run. Segment 1, starting from room temperature, is defined by the first 16 data points. Segment 2 begins with a temperature of 355øC and includes steps 17 to 32. Segment 3 begins with a step at 425øC and is defined by steps 33 to 42. Segment 1 plots close to A -0 except for the first two data points, which are low for unknown reasons. In contrast, segment 2 is linear (r 2 > 0.999) but rotated counterclockwise relative to A -0, with a pivot point at the high-temperature end of the array. This implies a change to lower activation energy and frequency In a second experiment the sample was subjected to a heating schedule similar to the first experiment, but only after first being heated to 360øC for 30 min. The diffusion array from this sample is also positively inclined relative to A = 0; the array yields E a = 29.2 and ln(Do/a 2) = 11 s -•. These values are intermediate to those found for segments 2 and 3 in the previous experiment.
These data strongly suggest that the change in diffusion behavior is controlled by maximum temperature experienced by the sample' as the maximum temperature is increased above --•300øC, diffusion parameters change such that the array increasingly rotates counterclockwise. In contrast, the rotation of the diffusion arrays varies independently of cumulative fraction of He released.
A final set of experiments was performed to document the temperature range over which the rotation of the diffusion array occurs. These experiments involve an unusual heating schedule in which the sample is taken rapidly from high temperature (where the change in diffusivity is presumably precipitated) to low temperature (where its effects are most easily measured as high A values). In preliminary studies it was discovered that the first low-temperature step following a hightemperature step is often anomalously high in diffusivity compared with succeeding steps at the same temperature. This unexpected result does not arise from failure to let the sample cool sufficiently between runs, nor from inadequate pumping of the diffusion cell after the high-temperature step. Even after a sample is allowed to cool and pump for several days after a high-temperature step, diffusivity in the subsequent lowtemperature step remains anomalously high. A similar transient effect after cooling has been noted in He diffusion from titanite . To document and reduce the effects of this phenomenon, the low-temperature steps were run several times in succession after each high-temperature step (Figure 6) . Figure 6 shows A values at 160øC measured as a function of the maximum temperature achieved by the sample and at 170øC on a second aliquot. Figure 6 clearly reveals the slowly decaying transient after each high-temperature step. Typically, diffusivity drops by --•0.2 In units between the first and second low-temperature replicate, then falls an additional 0.1 In unit between the second and third replicates. The magnitude of this decay is about the same each time the sample is cooled down and analyzed repeatedly at 160-170øC, with the notable exception that the effect seems to disappear after the sample has been taken to temperatures above --•400øC. Details of the decay were explored in two additional experiments after heating aliquots to 310øC and 410øC for 1 hour (details not shown). After heating to 310øC, successive diffusivity measurements at 160øC decline progressively but at an ever decreasing rate, until after 60 hours diffusivity has stabilized about 0.4 In units lower than the first step at 160øC. After heating to 410øC, insufficient helium was released at 160øC to measure, so "low-temperature" diffusivity was measured at 210øC instead. In contrast to the results after heating to 310øC, after the 410øC step, successive low-temperature diffusivity measurements are essentially invariant. 
Discussion
The results of this study can be divided into two parts. The first relates to helium diffusivity at temperatures below the clear change in behavior at •265 ø. It is this low-temperature behavior that is most directly relevant to helium thermochronometry [Wolf et al., 1996b] . The second part relates to the complexities arising above the 265øC transition temperature. This complex behavior may or may not bear on He diffusion at the low temperatures at which helium accumulates in nature.
Low-Temperature Behavior and Implications
The most important result of this study is that helium diffusion from Durango apatite clearly obeys the behavior expected , 1998 ]. Coupled with the elongated c axis of most apatite grains (e.g., most length/diameter ratios in granitic apatites studied in detail were in the range 2-4 [Wolfet al., 1996a]), c-perpendicular diffusion should control helium loss from apatite. Therefore the most appropriate geometry for modeling He diffusion from apatite and for calculation of closure temperatures is an infinite cylinder, although the results obtained from this geometry are indistinguishable from those obtained assuming plane sheet or spherical geometry.
An important implication of correspondence between the physical grain and the diffusion domain is that the He concentration profile at the edge of the grain is controlled not only by diffusion but by ejection of high-energy o• particles. The effect of a ejection is to produce a rounded concentration profile across the outermost -15/am of the crystal [Farley et al., 1996] . As a result, the He concentration gradient driving He diffusion from the grains will be less steep than it otherwise would be. A numerical model for an apatite cooling at a constant rate [Wolf et al., 1998 ] that incorporates this effect indicates a modest increase in the closure temperature of-2øC relative to that computed ignoring this phenomenon using Dodson's [1973] method. Figure 7 shows the closure temperature for Durango apatite computed as a function of grain size and cooling rate A related effect arises from attempts to measure diffusion coefficients of samples which have not had the surface removed prior to diffusion coefficient measurement. This effect is particularly significant in the first few percent of helium yield where the common assumption of a homogeneous concentration profile is seriously in error because of ejection. For these steps the apparent diffusivities will be lower than the true diffusivity. As the fraction of gas removed increases, the significance of the boundary condition is reduced, and measured diffusivities will rise toward the true diffusivity [Fechtig and Kalbitzer, 1966] . Note that this effect only applies to intact whole crystals; e.g., crystals that are fractured (like the Durango grains studied here) will have surfaces with concentration gradients unaffected by ejection that will reduce or eliminate the effect. If not taken into account, the result may be an overestimation of the helium retentivity of the apatite, the degree of which depends upon the heating schedule and fraction of gas released. From a practical perspective, there are two ways to deal with this phenomenon when measuring diffusion coefficients. The first is to extract a substantial fraction of the total helium from the sample prior to measuring diffusion coefficients, thereby minimizing the effects of the initial concentration profile. This approach is complicated by the fact that the rate of helium release at a given temperature drops rapidly with the cumulative fraction of helium released, so long-duration steps may be required. Furthermore, the steps designed to "strip" this initial condition must be conducted at temperatures below the irreversible transition in diffusion behavior, at about 265øC in Durango. Alternatively, the outermost surfaces can be removed, or the crystals fractured, so as to expose an unrounded concentration profile. Removing of surfaces or fracturing of grains will change the diffusion domain size, so this must be taken into account when estimating the closure temperature of the sample. In addition, as shown by the experiments on the polished slabs, care must be taken to ensure that removal of surfaces has not modified diffusivity. In either case a cycled heating schedule is critical because it can show conclusively whether the diffusion coefficients measured at a given temperature are stable and independent of the fraction of helium remaining in the sample.
A final complication of the correspondence between physical grain size and diffusion domain is that different parts of a crystal have different effective ages depending upon how close they are to the surface of the grain. As a consequence, the measured age of a crystal fragment may be substantially different from the true age of the entire crystal. In the case of titanite this effect is serious because only rarely can a whole euhedral grain be analyzed . Fortunately, this effect is not particularly serious for apatite because grains very commonly are euhedral, or at least are prismatic fragments that will retain a representative sampling of the age distribution within the crystal.
High-Temperature Behavior and Possible Explanations
Two phenomena observed in these experiments are not consistent with simple thermally activated volume diffusion: the irreversible change in diffusion parameters that occurs as apatite is heated above 265øC, and the transient high diffusivity that occurs in low-temperature steps immediately following a much higher-temperature step. The data in Figure 5 indicate that as Durango apatite is heated above ---265øC, the activation energy and Do/a 2 decrease systematically until about 400øC.
This change in diffusion characteristics is the cause of the downward curvature of diffusion arrays above --•300øC noted by previous workers [Zeitler et al., 1987; Wolfet al., 1996b ]. This transition is independent of the fraction of gas extracted and so cannot be attributed to the presence of multiple diffusion domains or sites with differing diffusion parameters, Possible explanations for the transition include structural and/or compositional modifications, and annealing of defects. A comparison of the X-ray diffraction pattern of unheated Durango grains with that from grains heated above 400øC reveals no structural change. Similarly, differential thermal analysis and thermogravimetry provide no support for any change in crystal structure or composition through this temperature range (K. A. Farley, unpublished data, 1999).
A possible role for structural defects in controlling noble gas diffusion has been suggested by many previous workers [e.g., Lee, 1995 [Green et al., 1986] . This suggests that the two phenomena are related in some way. Lee [1995] investigated noble gas diffusion behavior involving coupled volume diffusion and "short-circuit" diffusion through crystal defects. Although Lee [1995] found that a variety of behaviors are possible within such a coupled system, none of these behaviors are similar to that observed for He in apatite. Most notably, Lee [1995] modeled defects as fast pathways for diffusion, yet the correspondence between defect annealing and enhanced He diffusivity in apatite suggests instead that defects act to slow diffusive loss (at least at temperatures <265øC).
Defects might impede diffusion in several ways. For example, it is possible that He release in a defect-free crystal occurs via diffusion through channels. Such channels may be blocked by extended defects such as stacking faults, planar defects, screw dislocations or radiation damage, causing an alternative (lattice?) pathway to dominate He release in defect-rich crystals. Thus the systematic modification of diffusion behavior between 265 and 400øC might indicate progressive creation of throughgoing channels as defects anneal. A comparison to the data in Figures 5 and 6 can be used to estimate the diffusion parameters for hypothetical "channel" and "lattice" mechanisms. Specifically, prior to annealing that ensures above 265øC the lattice mechanism governs He loss from Durango apatite. This mechanism has been well documented by the experiments presented here and has E a ---32 kcal/mol. As annealing be- 
where k t is the equilibrium constant, and if only Hef is free to diffuse, then the observed diffusivity will be lower than the diffusivity observed in a defect-free crystal (see Crank [1975] for derivation):
Dobs----Dvo,/(kt + 1)
Here obs denotes the observed and vol denotes the defect-free volume diffusivity. It is reasonable to assume that both the equilibrium between free and trapped helium and the volume diffusivity of the crystal obey Arrhenius relationships: k t = kt, 0 exp (-Et/R T)
Dvo,/a 2= Dvo,,o/a 2 exp (-Ea/RT), 
Diffusion coefficients complying with (6) and ( 
